RIASSUNTO. -La distrofia miotonica di tipo 1 (DM1) è tra le più comuni forme di distrofia muscolare nell'adulto, caratterizzata da progressivo deperimento e debolezza muscolare, miotonia, difetti di conduzione a livello cardiaco, alterate funzioni cognitive e da diversi altri sintomi multisistemici. La DM1 è una malattia ereditaria autosomica dominante, causata da un'instabile espansione (da ~50 a più di 1.000 ripetizioni) della tripletta nucleotidica CTG nella regione non-codificante all'estremità 3' del gene DMPK. L'espressione di RNA per DMPK contenenti l'espansione CUG supporta l'ipotesi di una effetto tossico dell'RNA per "acquisizione di funzione", come meccanismo alla base del fenotipo distrofico. Un meccanismo simile è pure coinvolto nella eziopatologia della distrofia miotonica di tipo 2 (DM2), che ha aspetti clinici comuni alla DM1 ed è causata dall'espansione della sequenza CCTG nel primo introne del gene CNP (ZNF9). In entrambe le distrofie miotoniche, l'accumulo a livello del nucleo cellulare di RNA contenenti le sequenze CUG/CCUG espanse altera l'attività di fattori proteici (quali MBNL1 e CUG-BP1) che legano gli RNA nucleari, con conseguente sregolazione dello splicing alternativo di numerosi trascritti nei tessuti dei pazienti DM ed insorgenza del fenotipo patologico. Verrà presentata una rassegna delle alterazioni di splicing nelle DM, con particolare riferimento all'mRNA del gene BIN1, che gioca un ruolo chiave nella formazione delle invaginazioni tubulari del sarcolemma, alla base della biogenesi dei tubuli T (strutture membranose essenziali, nel tessuto muscolare striato, per il corretto accoppiamento eccitazione/contrazione). Le alterazioni nello splicing di BIN1 nei pazienti affetti da DM, dovuto ad una perdita di funzione della proteina MBNL1, hanno come conseguenza l'espressione di un a forma inattiva della proteina BIN1, priva di attività di legame per i fosfoinositidi e della capacità di formare invaginazioni tubulari della membrana plasmatica. Introducendo in un modello murino normale un simile difetto di splicing per BIN1 si ottengono alterazioni dei tubuli T e diminuita forza muscolare: ciò suggerisce che l'alterazione dello splicing per questo gene possa direttamente determinare l'insorgenza di debolezza muscolare, una delle caratteristiche più significative delle DM. DM1) is one of the most common muscular dystrophy in adults characterized by progressive muscle wasting and weakness, myotonia, cardiac conduction defects, alteration in cognitive functions as well as several other multisystemic symptoms. DM1 is an autosomal dominant inherited disease caused by an unstable CTG expansion ranging from ~50 to more than 1,000 repeats in the 3' non-coding region of the DMPK gene. Expression of DMPK RNAs with expanded CUG repeats supports a toxic RNA gain-of-function as a pathologic mechanism for DM1. A similar or common mechanism may also be involved in DM type 2 that is caused by CCTG expansion in the first intron of the CNP (ZNF9) gene and shares similar clinical features with DM1 disease. In both myotonic dystrophies, nuclear accumulation of pathogenic CUG/CCUGexp-RNAs alters the activities of the RNA binding proteins such as MBNL1 and CUG-BP1 that leads to alternative splicing mis-regulation of a numerous of transcripts in DM tissues and ultimately, to clinical features of the disease. An overview of the DM splicing mis-regulation will be presented, with focus on mis-regulation of the BIN1 mRNA. In muscle, BIN1 plays an important role in tubular invaginations of the plasma membrane and is required for biogenesis of T-tubules, which are specialized membrane structures essential for excitation-contraction coupling. BIN1 splicing mis-regulation in DM patients due to MBNL1 loss-of-function results in the expression of an inactive form of BIN1 deprived of phosphoinositide-binding and membrane-tubulating activities. Reproducing similar BIN1 mis-splicing defect in the muscles of wild type mice is sufficient to promote T-tubule alterations and muscle strength decrease, suggesting that alteration of BIN1 splicing may contributes to muscle weakness, a prominent feature in DM.
INTRODUCTION
Myotonic dystrophy type 1 (DM1) also called Steinert disease (MIM#160900) is one of the most common muscular dystrophies encountered in adults. Progressive muscle wasting and weakness, myotonia, cardiac conduction defects, alteration in cognitive functions as well as several other multisystemic symptoms characterize this dominantly inherited disease (Harper 2001) . The DM1 mutation was identified in 1992 and this complex disease is caused by an expanding (CTG)n repeat of 50 to several thousand triplets in the 3'non-coding region of the dystrophia myotonica-protein kinase (DMPK) gene on chromosome 19 (Brook et al. 1992; Mahadevan et al. 1992) . Unaffected individuals have fewer than 38 repeats. The size of the expansion is generally correlated with the clinical severity and the age of onset of the disease (Hunter et al. 1992; Tsilfidis et al. 1992; Groh et al. 2011) . Due to the variable clinical symptoms, several forms of the disease (asymptomatic late-onset, mild adult-onset, childhood-onset and congenital) have been described. The severe congenital form is associated with large expansions (over 1500 CTG repeats), and affected patients have motor and mental retardation. The disease-associated repeat expansion is very unstable and the number of triplets increases across generations providing a molecular basis for the anticipation phenomenon observed in DM1 families (Harper et al. 1992; Lavedan et al. 1993) . In addition to intergenerational instability, CTG repeat expansion is also unstable in somatic tissues throughout the lifetime of the patient.
Evidences for an RNA gain-of-function mechanism in DM1 pathogenesis came to light progressively. Both wild-type and mutant DMPK alleles are transcribed into mRNAs but mutant transcripts with expanded CUG repeats (CUGexp-RNAs) are sequestered in the nucleus as discrete aggregates or foci leading to decrease cytoplasmic DMPK mRNA levels (Taneja et al. 1995; Davis et al. 1997) . Subsequent reduction of DMPK protein levels has been a subject of controversy but reduced DMPK levels were observed in muscles samples from DM1 patients as well as DM1 muscle cells (Fu et al. 1992; Maeda et al. 1995; Furling et al. 2001; Furling et al. 2003) . Possible involvement of DMPK haploinsufficiency in DM1 pathophysiology as well as reduced levels of SIX5 observed in DM1 tissues due to the SIX homeobox 5 (SIX5) gene location directly downstream from the DM1 locus, were first investigated by generating mouse models. However heterozygous Dmpk or Six5 knockout mice failed to reproduce DM1-like symptoms suggesting that DMPK or SIX5 haploinsufficiency are probably not responsible for the DM1 phenotype (Jansen et al. 1996; Reddy et al. 1996; Klesert et al. 2000; Sarkar et al. 2000) . Afterwards it has been suggested that the mutant transcripts from the expanded DMPK allele were pathogenic per se. Animal models were developed to investigate the role and the deleterious effects of CUGexp-RNA expression. Transgenic mice that expressed CUG repeat expansion either in the 3'UTR of the human skeletal muscle alpha actin (HSA-LR) mRNA (Mankodi et al. 2000) or in its natural context within the 3'UTR of the human DMPK transcript (Seznec et al. 2001) , exhibited several DM1 features including nuclear aggregates of CUGexp-RNA, myotonia discharges and muscle abnormalities. In addition, severe muscle wasting was described in an inducible EpA960/HSA-Cre-ER transge-nic mice expressing 960 interrupted CTG repeats within the context of the DMPK exon 15 (Orengo et al. 2008 ) and progressive muscle atrophy was observed in mice expressing human DMPK mRNA with 550 CUG repeats (Vignaud et al. 2010) . Altogether, these studies provided strong experimental supports for a key role of CUGexp-RNAs in DM1 pathogenesis. The last evidence for a RNA gain-of-function mechanism came from the identification of a myotonic dystrophy type 2 disorder (DM2; MIM#602668) that shares similar clinical features with DM1 disease suggesting a common molecular mechanism. DM2 is caused by a (CCTG)n repeat expansion ranging from 100 to 11.000 units in the first intron of the CCHC-type zinc finger, nucleic acid binding protein (CNBP also known as ZNF9) gene, a non-coding region from a gene non-related to DMPK (Liquori et al. 2001) . The RNAs containing the expanded CCUG repeats are also retained in the nucleus and formed aggregates providing an additional support for a central role of mutant RNAs containing expanded repeats in pathophysiology of both DM1 and DM2 diseases.
The CUGexp-RNAs are not exported into the cytoplasm but are retained in the nuclear compartment as discrete aggregates or foci that are easily detected by FISH (Taneja et al. 1995) . The mutant DMPK mRNAs are spliced and polyadenylated but their nuclear sequestration due to expanded CUG repeats in the 3'UTR, prevents any translation (Davis et al. 1997) . Within the nuclei, the foci of CUGexp-RNAs are localized at the periphery of the nuclear speckles, which are structures enriched in splicing snRNPs and the spliceosome assembly factor SC35 as well as many other transcription and splicing-related factors (Holt et al. 2007) . The pathogenic DMPK transcripts do not enter into the speckles (Smith et al. 2007) suggesting that their export is blocked at an early step in nucleoplasmic transport. In vitro studies including crystal structure, enzymatic mapping, optical melting and electron microscopy, have demonstrated that expanded CUG repeats are able to form stable hairpin structures (Michalowski et al. 1999; Miller et al. 2000; Tian et al. 2000; Mooers et al. 2005) .
These double-stranded structures are defined by Watson-Crick G-C base-pairs separated by a periodic U-U mismatch. The muscleblind-like 1 (MBNL1) proteins were found to bind these expanded CUG repeats and to colocalize with nuclear foci of CUGexp-RNAs in DM1 cells (Miller et al. 2000) . MBNL1 silencing by RNA interference significantly reduces the number of foci and restores the capacity of these pathogenic transcripts to progress through the nuclear speckles (Smith et al. 2007) indicating that the binding of MBNL1 to the abnormal CUG repeats may promote nuclear foci formation (Miller et al. 2000; Dansithong et al. 2005; Smith et al. 2007) . It should be noted that MBNL1 also colocalizes with the nuclear foci of CCUG expanded RNA in DM2 cells however the DM2 foci are not localized at the periphery of the nuclear speckles as observed for the DM1 foci (Holt et al. 2007 ). Besides the difference within the expanded nucleotide repeat (CUG vs. CCUG) between DM1 and DM2, the entrapped RNAs in DM2 may contain intronic expanded CCUG repeats only since the CNBP pre-mRNA seems to be normally spliced (Margolis et al. 2006) and/or expanded CCUG repeats into abnormally spliced CNBP transcripts (Raheem et al. 2010) . Finally, nuclear retention of the CUGexpRNAs participates to the pathogenic mechanism since the nuclear export of an artificial CUGexp-RNAs by inclusion of woodchuck posttranscriptional regulatory element reduces cellular defects (Mastroyiannopoulos et al. 2005 ) and the expression of DM1 foci exclusively in the cytoplasmic compartment does not induce key DM1 features in a mouse model (Dansithong et al. 2008) .
At the molecular level, one of the best-characterized transdominant effects induced by the CUGexp-RNAs in DM1 is the misregulation of alternative splicing of a subset of pre-mRNAs. To date, more than twenty-five transcripts have been found to be mis-spliced in different tissues of DM1 patients (Osborne and Thornton 2006) . The misregulation of splicing events in DM1 is distinct from aberrant splicing caused by mutations in regulatory splicing sites that lead to the expression of aberrant mRNA. In DM1, mis-splicing events result from an inappropriate regulation of alternative splicing due to altered activities of splicing regulators such as MBNL1 and CELF1: -the MBNL1 RNA binding protein has been shown to bind, in a length-dependant manner, CUGexp-RNA with high affinity and form ribonucleoprotein complexes (Miller et al. 2000) . MBNL1 is part of a conserved MBNL family including MBNL1, 2, 3, and all members contain four CCCH zinc-finger protein domains that are structured in pairs and acted as RNA binding domains (Pascual et al. 2006) . Sequestration of MBNL1 within the nuclear aggregates of CUGexp-RNAs and the subsequent involvement of MBNL1 lossof-function in DM1 pathogenesis has been supported by the generation of a knockout Mbnl1 mouse model that demonstrates a DM-like phenotype as well as alternative splicing misregulation (Kanadia et al. 2003) . Moreover a majority of the modifications in alterative splicing observed in the HSA-LR mice expressing CUGexp-RNA can be attributed to the loss-of-function of the MBNL1 splicing factor (Osborne et al. 2009; Du et al. 2010) . In addition, mis-splicing events observed in this DM1 mouse model as well as myotonia can be reversed by MBNL1 overexpression in skeletal muscles (Kanadia et al. 2006) . Several reports have demonstrated the regulatory splicing function of MBNL1 on several DM1 transcripts such as CLC-1, cTNT or IR. Now, it is established that MBNL1 loss-of-function due to its sequestration by the CUGexp-RNA contributes to the "spliceopathy" in DM1. -CELF1 (also known as CUGBP1) is another RNA binding protein involved in this process. This factor is a member of the CELF family that contains 6 proteins with high homology (Barreau et al. 2006) . Interestingly, CELF1 and MBNL1 are antagonistic regulators of many splicing events that are mis-regulated in DM1. CELF1 is able to bind single-strand CUG repeats but does not colocalize with the nuclear aggregates of CUGexp-RNA in DM1 cells and is not sequestered like MBNL1 (Timchenko et al. 2001 ). In contrast, the level of CELF1 is increased in DM1 tissues leading to a gain of CELF1 activity. It has been shown that the expression of CUGexp-RNA results in hyperphosphorylation and stabilization of the CELF1 protein through an inappropriate activation of the Protein Kinase C (Kuyumcu-Martinez et al. 2007; Wang et al. 2009 ). The pathogenic role of CELF1 in DM1 was supported by the fact that transgenic mice overexpressing CELF1 reproduce splicing misregulation as well as DM1 muscle features (Koshelev et al. 2010; Ward et al. 2010) . Furthermore, increased levels of CELF1 is also found in the DM1 mouse model expressing inducible 960 interrupted CTG repeats, which exhibits muscle wasting as well as splicing defects that are only related to CELF1 (e.g. Capzb, Mfn2, Ank2 and Fxr1h) and not to MBNL1, suggesting that the elevation of CELF1 could participate to the DM1 muscle phenotype (Orengo et al. 2008) . MBNL1 and CELF1 factors are developmental regulators of splicing events especially during the fetal to adult transition, and the modification of their activities in DM1 tissues leads to the expression of a fetal splicing pattern in adult tissues (Lin et al. 2006; Kalsotra et al. 2008) . It should be noted that altered expression of splicing factors and alternative splicing changes may also occur during active regeneration process in degenerative muscle diseases (Orengo et al.) . However no massive degeneration/regeneration was observed in DM1 muscles (Thornell et al. 2009 ) and altered splicing events were found in nonregenerating tissue such as DM1 cardiac tissue (Philips et al. 1998; Wang et al. 2011) confirming that misregulation of alternative splicing in DM1 is more likely a primary response to the expression of CUGexp-RNAs rather than a secondary effect to robust degeneration/regeneration process. The first splicing misregulation described in DM1 cardiac muscle was the abnormal inclusion of exon 5 in cTNT (Philips et al. 1998) . Since then, several other transcripts with inappropriate splicing patterns have been identified in both skeletal muscle and brain (see Table 1 ) including those coding for the insulin receptor (IR) (Savkur et al. 2001) , the muscle specific chloride channel (CLC-1) (Charlet et al. 2002; Mankodi et al. 2002) , the sarcoplasmic/endoplasmic reticulum Ca 2+ ATPase 1 and 2, the ryanodine receptor (Kimura et al. 2005) , the myotubularine-related protein 1 (Buj-Bello et al. 2002) , the tau protein (Sergeant et al. 2001) , and the N-methyl-alpha-aspartate receptor (Jiang et al. 2004) . Among the known mis-splicing events, most of them may participate to the pathologic process but very few have been directly correlated with disease symptoms. One of the exceptions is the CLC-1 splicing defect, which has been associated with myotonia, a characteristic feature of the disease. This splicing misregulation leads to the inclusion of exon 7a and subsequently to a truncated CLC-1 protein that is devoid of channel activity and is not correctly addressed to the membrane of the muscle fibers, resulting in reduced muscle chloride conductance and myotonia (Charlet et al. 2002; Mankodi et al. 2002) . Consistent with the RNA gain-of-function hypothesis that altered MBNL1 activity, both MBNL1 knockout mice and HSA-LR mice that express CUGexp-RNA showed Clc-1 splicing misregulation, loss of Clc-1 channel at the membrane, and myotonia. Finally, correction of this sole splicing defect by using antisense oligonucleotide that force the skipping of exon 7a in the muscle of HSA-LR mice abolished myotonia (Wheeler et al. 2007 ) confirming the key role of Clc-1 mis-splicing in the myotonic phenotype in DM1.
More recently, the newly identified BIN1 splicing defect has been associated with muscle weakness, another hallmark of DM1 (Fugier et al. 2011) . This splicing defect was identified in collaboration with N. Charlet by using a whole genome approach (Affymetrix exon array). New as well as previously described splicing alteration events were identified in congenital DM1 muscle cells containing large CTG expansion and confirmed in skeletal muscles from DM patients. We focus our attention on BIN1 exon 11 splicing misregulation since mutation in this gene leads to Centronuclear Myopathy that share some similar features with the severe congenital form of DM1. BIN1 is a protein specialized in membrane curvature, whose function is regulated by alternative splicing. In skeletal muscles, inclusion of the muscle-specific exon 11, which encodes a phosphoinositide-binding (PI) domain, generates an isoform of BIN1 that induces tubular invaginations of membranes and is implicated in T-tubules biogenesis. The muscle T-tubule network is a specialized membrane structure fundamental for excitation-contraction (E-C) coupling, and the disruption of BIN1 in Drosophila leads to severely disorganized T-tubules and defects of the E-C coupling machinery. We demonstrate that MBNL1 binds to BIN1 pre-mRNA and regulates its alternative splicing. BIN1 splicing misregulation results in expression of an inactive form of BIN1 deprived of PtdIns5P-binding and membrane-tubulating activities. Consistent with a defect of BIN1, muscle T-tubules are altered in DM patients and membrane structures are restored upon expression of the normal splicing form of BIN1 in DM1 muscle cells. In non-affected muscles, BIN1 is organized in transversal projections and co-localized with the L-type calcium channel CACNA1S. In DM1 muscles, BIN1 was disorganized and presented a more diffuse localization. Ultrastructural analysis confirmed alterations of the T-tubule network with presence of irregular and longitudinally orientated T-tubules. To test the contribution of BIN1 splicing alteration for DM phenotype, we artificially forced exon 11 skipping in mouse skeletal muscle using an U7-snRNA exon-skipping strategy. Artificial skipping of Bin1 exon 11 promotes Bin1 mis-localization but no major atrophy or degeneration of muscle fibers. However ~30% of T-tubules were abnormal in Bin1 exon 11 skipped muscles, with longitudinally orientated, disorganized and irregular structures suggesting that alteration of the T-tubule network. No significant muscle mass loss was observed but isometric strength measurement showed that skipping of Bin1 exon 11 induced a ~28% decreased of specific muscle strength. Our results suggest that splicing mis-regulation of BIN1 and of other pre-mRNAs involved in E-C coupling ultimately results in muscle weakness in DM patients. Interestingly, a recent report (Tang et al. 2012) proposed that mis-splicing of the Cac1.1 that altered the function of this calcium channel is also associated with muscle weakness and may exacerbate DM1 myopathy. Altogether, these data suggest that a common mechanism, involving BIN1 and alteration of the calcium homeostasis coupled to the excitation-contraction process, may underlie muscle weakness in DM1.
Over the years, the RNA gain-of-function hypothesis has progressively emerged as a pathogenic mechanism for the complex DM1 disease. Alternative splicing misregulation of several pre-mRNAs due to the altered activities of MBNL1 and CELF1 RNA binding proteins by CUGexp-RNAs, contributes to the DM1 pathophysiology. However it seems unlike that it can explain the wide spectrum of DM1 clinical symptoms. The CUGexp-RNAs have effects in trans and may alter other processes at both transcriptional and post-transcriptional levels. Indeed, altered activities of the MBNL1 and CELF1 may affect other RNA-processing events regulated by these RNA binding proteins. Thus, the activity of CELF1 varies depending on its cellular localization. In the nucleus, CELF1 acts as a splicing regulator whereas in the cytoplasm, it can regulate the translational activity of proteins like p21 and MEF2A, which are involved in muscle cell differentiation (Iakova et al. 2004; Timchenko et al. 2004) . A concomitant translational deregulation of CELF1 targets and associated functions indicate that other post-transcriptional mechanisms could also be altered by the CUGexpRNAs. Unlike CELF1, no effect on translation has been described for MBNL1 yet, even though MBNL1 is also present in the cytoplasmic compartment. Alternative splicing results in the production of several isoforms of MBNL1 and the associated protein isoforms have been shown to have either a nuclear or a nucleo-cytoplasmic localization (Tran et al. 2011) . It should be noted that the splicing of MBNL1 itself is altered in DM1 leading to increased levels of exclusively the nuclear isoforms. However the impact of such alterations on the activities of MBNL1 is still not clearly understood. More recently, a novel function of MBNL1 as a regulator of the micro-RNA miR-1 biogenesis has been described (Rau et al. 2011) . Consistent with MBNL1 sequestration and loss-of-function, miR-1 processing was altered in the hearts of DM1 patients as well as miR-1 targets such as CACNA1 and GJA1 that encode calcium and gap junction channels, respectively. Interestingly, other micro-RNAs were also deregulated in muscles of DM1 patients suggesting that the deregulation of this species of small non-coding RNA could have an impact on DM1 pathology (Gambardella et al. 2010; Perbellini et al. 2011) . Finally, there is increasing evidence (Yadava et al. 2008; Osborne et al. 2009; Du et al. 2010; Marteyn et al. 2011) to suggest that the CUGexp-RNAs may also interfere with gene expression but further studies are required to determine the mechanism involved in this process and the pathophysiological consequences. By interfering with RNA metabolism of either coding or non-coding RNAs, the CUGexp-RNAs may act on the expression of various proteins in a tissue-specific manner and participate to the complex and multisystemic DM1 phenotype.
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